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Measurement of three-dimensional temperature 
fields in conjugate conduction-convection 

problems using multidirectional interferometry 
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Abstract--A computational and experimental study is performed to optically record and reconstruct an 
asymmetric three-dimensional (3-D) temperature field in conjugate conduction-convection heat transfer 
problems. In a thermally coupled application, the temperature distribution must be obtained within the 
conducting solid and in the adjacent convecting fluid. A reconstruction algorithm is developed that provides 
the 3-D temperature field in a region occupied by multiple mediums (solids and/or fluids). The 3-D 
temperature distribution is reconstructed in and around a short heated cylinder placed in a fluid to which 
heat is transferred by natural convection. Experimental measurement of the field is made by recording and 
reducing the data from a number of interferograms taken along different angles to the flow. In order to 
obtain interference data through the combined solid and liquid, the refractive index of the cylinder is 
matched with the fluid. Numerical solutions for this geometry are also obtained which provide temperature 

fields that compare favorably with the experimentally obtained values. 

INTRODUCTION 

TEMPERATURE is a physical quantity the measurement 
of which is important. Several methods arc available 
for measuring the temperature in fluids. Most of the 
techniques developed to date are invasive (e.g. thcr- 
momcters, thermocouples, thermistors) requiring that 
a probe be inserted into the ilow field. Such methods 
give the temperature only at specific locations in the 
fluid. Optical techniques, however, are very attractive 
because they are non-invasive and give the entire tem- 

perature field in real time. Low intensity light, being 
inertialess for all practical purposes, produces no dis- 
turbance in the flow field. 

Interferometric methods for the study of two- 
dimensional (2-D) temperature fields in fluids have 
been widely known since the pioneering work of Eck- 
ert and Sochngen [ 1, 21. A comprehensive review of 
optical methods in heat transfer is available in ref. [3]. 
For a 2-D field, a single interferogram contains all the 
necessary information. but for a three-dimensional 
(3-D) field, pathiength data is required along several 
directions of the refractive index (temperature) field. 

Data along each direction can be reprcscnted by an 
integral equation, and the 3-D problem reduces to the 
solution of a set of integral equations of the form 

~~ = j”‘ (n(.u, I’. z) -n,,,-) ds, 
0 

(1) 

t Present address : General Electric Research and Dcvel- 
opmcnt Center. P.O. Box 8, Mail Stop Kl.ES 206. 
Schenectady. NY 12301. U.S.A. 

where $, are the known pathlength data and n(.u, y, 2) 
the unknown refractive index field. 

The solution to this equation was considered in the 
area of radioastronomy by Bracewell and Riddle 
[4]. Subsequently it was applied to electron micro- 
scopy and X-ray imaging. Gordon et ul. [5] proposed 
an iterative method of reconstruction called the 
Algebraic Reconstruction Technique (ART). An in- 
itial guess of the field is made that is successively 
improved with each iteration. This method is quali- 
tative and is applicable even when limited data are 
available. It is well suited for Computer Assisted Tomo- 
graphy (CAT) scanners. In all these studies, the 3-D 
problem is reduced to a series of 2-D problems in 
parallel planes which are stacked together to form the 
entire 3-D field. 

A mathematical method for the inversion of equa- 
tion (I) as directly applicable to 3-D holography was 
first developed by Rowley [6]. A Fourier transform 
method was used that inherently requires information 
from a complete 180 deg field of view. Sweeney and 
Vest [7] have performed an exhaustive review of 
reconstruction algorithms. Six different schemes were 
compared : Fourier synthesis [6], Direct Inversion, 
Sine method. Grid method, Frequency Plane Res- 
toration and the ART method [5]. By assuming hy- 
pothctical refractive index fields, simulated inter- 
ferometric data were generated. They found that 
redundant data were always required to obtain a good 
reconstruction. They parametrically varied the field 
of view and found that with a complete 180 deg field 
of view, all reconstruction schemes were accurate to 
within I .5%. However, when the field of view was less 
than 180 deg. the Grid and Sine methods gave the 
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NOMENCLATURE 

aspect ratio of cylinder. L: I> 

cylinder diamctcr 
gravitational accclcration 

thermal conductivity 
spacing bctwccn nodes in the .v-direction. 

dimensionless vertical coordinate 
mcasurcd upward from the ccntcrlinc 

of Ihe cylinder. Z/n. 

Fig. I 
spacing bctwccn nodes in the Js-direction. 

Fig. I 

cylinder length 
number of sample points in the 
.\--direction. Fig. I 
index of rct’raction 
number of sample points in the 

j,-direction. Fig. I 
Prandtl number. 1’3: 

strength of the lint heat source. powc~ 

per unit length 
local heat flux. power per unit arca 

dimensionless local heat flux. 

c/‘D/k,,[T,- T, ] 
Rayleigh number based on q. 

ypqn 1 :/\,, I’% 
temperature 
dimensionless horizontal coordinate 

along the axis of the cylinder, X,,O 

dimensionless horizontal coordinale 
pcrpcndicular to the axis of the 

cylinder. Y//I 

Greek symbols 
% thermal difTusivit> 

P volumetric coefficient of thermal 

expansion 
I- dimensionless temperature. ( Tmm T, )k,,/(/ 

II angular coordinate measured from the 

top of the cylindcl 

0, angle of view. Fig. I 

‘-0 wavelength of light in vacuum 

1’ kinematic viscosity 

I’! distance from the origin in the 

reconstruction plane. Fig. 1 

(I,, pathlength. 

Subscripts 
fl fluid 
num numerical 

rcc reconstructed 

rcl rcfcrence value 

s cylinder surface 

-l bulk fluid. 

best results. In each of these schemes. the rays were 

assumed to travel without refraction through the 
medium. Vest has rcvicwed tomographic recon- 
slruction techniques for strongly refracting fields in 
ref. [8]. 

Based on the various reconstruction algorithms 
reviewed above. several cxpcrimcnts have been con- 

ductcd to perform flow visualization studies and to 
measure 3-D refractive index fields. Matulka and Col- 

lins (91 used a holographic interferomctcr to study 
supersonic few from a free jet. Using diffuser plates 
to scatter the light, interfcrcncc patterns were recorded 

simultaneously on holographic plates. Chau and 
Zucker [IO] obtained double exposure holograms of 
a 3-D rcfractivc index field and used a thin laser beam 
to interrogate it to improve resolution. Vest and co- 
workers [I I. I?] studied single and double natural 
convection plumes above heated surfaces in water. 
They reduced the holographic data in one horizontal 
plane using the Grid method in ref. [I I] and the Sine 
method in ref. [I?]. Oertel [I 31 investigated cellular 
natural convection in a rectangular bos. Intcrfero- 
grams wcrc obtained along several directions in a 
shearing intcrfcrometer and the temperature field was 
reconstructed iteratively. Mayinger and Lubbc [ 141 
constructed ;I holographic intcrferometcr to study 

transient tcmperaturc tields during mixing of fluids in 
an octagonal test section. Double exposure holograms 

were recorded along four different directions and the 
ART method was used. Mewes and Ostendorf [15] 
studied the same phcnomcna in greater detail on the 
same setup. The fluid used was 95% dimcthyl- 
sulphoxidc which had an index of refraction that was 
matched with glass. 

In all previous investigations. the temperature licld 
in only one medium. i.e. a fluid, has been analyzed. 
An interesting and realistic situation occurs when the 
tcmpcrature field must be obtained in a coniugate 

conduction-convection problem. For such problems. 
the temperature field must bc measured both in the 
solid and in the surrounding fluid simultaneously. In 

addition. if the field is three-dimensional. it is absol- 
utely necessary to determine the complete tempcratul-e 
field to enable the calculation of the local heal flux 
distribution on the surface of the solid. With this in 
mind. a test problem of 3-D laminar natural con- 
\‘cction around a short horizontal cylinder with a lint 
heat source along the centerline was considcrcd. A 
numcrlcal solution to this problem was obtained using 
the finite ditrcrence code described in ref. [ 161. Simu- 
lated pathlength measurements were obtained by inle- 
grating the solution along multiple directions. This 
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FIG. 1. Notation for the analysis of 3-D interferometric data. 

was used to test an inversion algorithm for multiple 
mediums in the domain. Experimental data for this 
problem were obtained in a MachZehnder inter- 
ferometer (light source: He-NC laser, i.,, = 0.6328 
him). The cylinder was constructed of Plexiglas and 
was placed in a fluid having matched index of refrac- 
tion. Interferograms of the temperature field were 
recorded along several directions and software was 
developed to digitize and process the fringe patterns. 
The 3-D temperature field was reconstructed using 
the inversion algorithm and was compared with the 
temperature field from the corresponding numerical 
solution. 

RECONSTRUCTION METHOD 

Single medium 
Details of several reconstruction algorithms have 

been outlined in ref. [7] and will only be briefIy sum- 
marized here. The pathlength 4, is represented by 
equation (I) where n(x, _v, z) is the unknown refractive 
index field and nrcl. the reference value of the refractive 
index. This integral is a line integral along the direction 
of the beam ‘3’. 

For a three-dimensional refractive index field and 
in the wfiuctionkm limit, this equation can be solved 
by dividing the region into a series of parallel planes 
and obtaining a 2-D set of equations for each plane 
[7]. Three reconstruction methods were examined in 
the present study and the Grid method was found to 
give most satisfactory results. 

With reference to Fig. 1, the Grid method involves 
the solution of the following system of linear algebraic 
equations, one for each plane 

where the coefficients I+7,,r,i(~ir 0,) are related to the 
geometry and the grid which are detaiied in ref. [7]. 

Here n((,m, 1,n) is the unknown index of refraction 
at the node given by the location .Y = I,m and )’ = I, n. 
$(p,, 0,) is the optical pathlength at location p, along 
the ray direction 0,. 

As explained in ref. [7], it is important to have 
redundant data in obtaining a solution to the above 
system of equations. The problem is to determine the 
best possible solution. This solution will not, necess- 
arily, satisfy every single equation but it would satisfy 
each as nearly as possible. The solution method used 
is a least squares regression. 

A sensitivity analysis was made to study the effects 
of the number of angles of view and the number of 
data points per angle of view on the reconstruction 
error. Mathematical functions were used for the 
refractive index fields which were integrated exactly 
along a variety of ‘rays’ to generate simulated 
pathlength measurements. These were input into the 
reconstruction program from which the refractive 
index distributions were obtained. In keeping with the 
observation in ref. [7], it was found that redundant 
data were required to achieve a good reconstruction. 
The general observation was that the degree of redun- 
dancy should be between three and four, i.e. the 
amount of pathlength data required should be, at 
least, 334 times the total number of grid points. 

In the previous section, the Grid method for recon- 
structing a refractive index field was outlined. If the 
relationship between the refractive index and the tem- 
perature is known, then the temperature field can also 
be obtained. 

A special situation exists when the temperature field 
is required in a region that contains both a solid and 
a liquid. If the local heat flux distribution on the 
surface of the solid is desired, then the temperature 
field in the fluid in close proximity to the solid should 
be determined. From this, the temperature gradients 
normal to the surface can be computed which yields 



the heat flux. In a 2-D problem, the solid region is 
often oriented such that its third dimension is in the 
direction of the light beam from which the tem- 
peraturc distribution in the entire fluid can be readily 
mcasurcd. In a 3-D case. multiple interferograms of 
the temperature field must be recorded. The integral 

information along the rays can be obtained with no 
difticulty in the fluid region. for instance in the plume 

above a hcatcd body. However, if an opayue solid 
obstructs the light, the integral information through 
that part of the test region is lost. Therefore, the 
tcm~~~raturc field in the fluid adjacent to the solid 

cannot he retrieved from the interfcrograms. Thus, 

the temperature field can be reconstructed in any plane 
containing only the fluid, hut it cannot be found in 
any plane passing through a portion of the solid. 

It is necessary to have the index of refraction of the 

solid matched with the surrounding fluid when both 
mediums arc present. The light will then puss through 
both the solid ad the Ruid with minimum refraction 
and interference fringes will be produced evcrywherc 
in the test region. The integral iilfor~n~ltion in any 
plane intcrsccting the solid represents the combined 
effects of the solid and the fluid. The algorithm to 

invert the refractive index tield in this situation is 
identical to the one described in the previous section 
with a minor difI”erencc. From the pathlength data 
(fringe order number), the 2-D rcfractivc index dis- 
tribution is obtained in any plane passing through 
the solid. The functional dependence ofthc refractive 
index on temperature must he known for both the 
solid and the fluid. Using these rciatiolis~~ips. the 

temperature variation can be reconstructed simul- 
taneously in the solid and the fluid. 

In all the work done thus far, including that in 
ref. [7]. onI4 one medium has been considered. The 

temperature field was reconstructed in the Ruid alone. 
Mewcs and Ostcndorf [15] who studied tcmperaturc 
fields in mixing of fluids did match the index of refrac- 
tion of their glass stirrer with that of the surrounding 
medium. But. they made the assumption that the 
rctiactivc index of glass changes very slightly with 
tcmper~~tL]rc and did not actually reconstruct the tem- 
pcraturc liolcl in the glass. To the knowledge of the 
authors. the work in ref. [IS] is the only instance 
uhcn the problem of refractive index matching was 
considered during the rcconstl.uction ol’ :I 3-D tcm- 

pcra1urc field. 
The test geometry chosen is a short horizontal cyl- 

inder of aspect ratio unity with a line heat source 
along 11x ccnterlinc transferring heat 10 an infinite 
is[~thcrni~~l external fluid by laminar natural convcc- 
tion. Since the inversion teclliii~uc is very involved, it 
was felt that a simple geometry should be considered 
initially to prove the concept. This geometry was 
selected for three reasons- -the cylinder is easy to 
machine, it produces a 3-D temperature field that is 
desired for a test of the method and numerical solu- 
tions I’or this configuration can he easily obtained for 
comparison. 

EXPERIMENTAL STUDY 

The cylinder was made of Plexiglas--l.27 cm in 
diameter and 1.27 CITI in length. A 0.04 cm diamctor 
hole was drilled along the centerline. A 0.0254 cm 
chrome1 heater wire (45 Q m ‘) was placed in the hole 
and lead wires were soldered to the two ends for 
voltage and current taps. The cylinder was placed in 

;I test cell which was tilled with dibutyipht~~~~late 
(DBP), a liquid Ihe refract& index of which matched 
the Plexiglas. The cylinder was annealed at ;i tern- 

pcraturc of 52 C (I 15 F) in an oven to minim& any 
residual internal stresses. 

A rectangular test cell. constructed of254 cm Plcxi- 

glas. contained the DBP surrounding the cyhnder. 
The inside dimensions of the cell were 15.5 cm wide. 
15.5 cm long and 20.5 cm high. Two holes wcrc bored 
on the opposite sides of the cell to hold a pair of 
custom made 5.08 cm thick optical windows. The 
assumption made is that the test cell is large enough 
for the walls to have no cffcct on the flow and heal 

transfer around the cylinder. A simple support system 
was fabricated tiom which the cylinder was suspended 

and could he rotated to ditrerent angles in a horizontal 
plant. While taking data. the test cell was surrounded 
by styroioam insulation of 6.35 cm thickness. Figure 
2 shows the supporting system and cylinder placed in 
the test cdl. 

Soft 0.63 cm copper tubing was bent to form several 
turns of a LWIWI carrying heat cxchangcr that was 
placed in the test cell. This was located along the side 
walls, bottom of the test co11 and just below the top 
surface of the fluid. The tubing was conneclcd to a 
temperature controlled circulator bath the setting 01 
which could be used to control the temperature of the 
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bulk DBP. Power to the cylinder heater wire was 

applied using a regulated d.c. power supply via a 
simple potentiometer. Two multimeters were used to 

measure the current through and the voltage applied 
across the heater. Interferograms were recorded on a 
Technical Pan film (a variable ASA high contrast film) 
using an 80-200 mm variable focal length lens and a 
~lach-.Zellnder Interferometer (MZI) at the Univer- 
sity of Minnesota Heat Transfer Laboratory. 

The five physical properties of DBP that were 

required are density, specific heat capacity, viscosity, 
thermal conductivity and refractive index at 0.6328 
/ml. All thcsc properties were independently measured 
over the temperature range IO-40 C using appro- 
priatc standard instruments. The corresponding prop- 
erties of Plexiglas were obtained from the manufac- 

turer’s data sheet. 
The property nleasuren~ents indicated that the 

index of refraction of the solid and the fluid were equal 
at a temperature of 25.1 C. To confirm this result, 
simple finite fringe experiments were conducted by 
placing an unheated Plexiglas cylinder in an iso- 

thermal fluid. The matching temperature from these 
tests was found to be 251°C. At this temperature, the 
light was found to practically traverse through the 
solid and fluid without deflection except for a region of 
discontinuity near the interfaces and at the ccnterlinc 
where the heater wire was installed. 

Before any experimental data were taken, the inter- 
ferometer was aligned such that the measuring beam 
was horizontal. Details on the adjustment procedure 
are available, for instance, in ref. [3]. The test cell was 
filled with fluid and the cylinder was lowered into it. 
The orientation of the cylinder could be adjusted with 

leveling screws on the support mechanism. It could 
also be adjusted by moving the lead wires vertically. 

By blocking the reference beam and observing the 
measuring beam alone in the camera, the cylinder was 
adjusted such that its axis was horizontal. Styrofoam 

insulation was placed around the test cell. The cir- 
culator bath was set to a temperature corresponding 
to the index matching temperature, 25.1 C. The test 
cell was left for over 24 h in an effort to bring the 
cylinder and fluid to an isothermal state. The tem- 
perature of the bath was constantly monitored until 
steady stale \sas attained. 

A finite fringe technique was used in recording all 
the intcrfercnce data. The direction of the light beam 
in the MZI was fixed. In order to obtain inter- 
fcromctric data in several directions, the cylinder was 

rolntcd in steps of IO deg and an interferogram was 
recorded at each position. Relatively, the beam would 
travorsc the test region along different directions with 
rcspcct to the cylinder. With the cylinder positioned 
at one angle, the interferometer mirrors were adjusted 
to produce horizontal fringes through the fluid and 
solid. A photog~-~~ph of the fringe pattern was taken 
after an isothermal condition was reached. The power 

to the cylinder heater wire was then turned on, which 
caused a deviation of the fringe pattern. Without re- 

ddjusting the interferometer, the fringe pattern was 

photographed after steady state was attained which 
took 3-4 h. The current flowing through the heater 
wire, the voltage applied, the circulator bath setting, 
and the fluid temperature were all recorded. The 
power was then switched off and the cylinder rotated 
IO deg. The same cycle of operations was repeated for 
this new position of the cylinder. The power applied 
to the heater and the temperature of the fluid were 

maintained at the same value as before. Using this 
method, pairs of interference fringes were obtained for 

each orientation of the cylinder-one before applying 
power to the heater and another after turning the 
power on, The pathlength information for each angle 

is retrieved by performing a subtraction of the fringe 
locations in the two interferograms. Data were re- 
corded at different angles over a 90 deg range. Figure 
3 shows an example of a pair of fringe patterns with 

the cylinder axis oriented 20 deg from the light beam. 
The processing of a large number of interferograms 

necessitated the use of an image digitizer. The digitizer 
that was utilized is one that is primarily being used 
for processing star images and has a specific capability 
of studying 35 mm negatives. Scanning is performed 
by a flying laser spot 12 I’m in diameter. The digital 

output w-as recorded on the hard disk of a PDP-I 1134 
host computer and was subseyucntly transferred to a 

magnetic tape. These data were transferred from the 
tape to a VAX computer. Software was written to 
read the data, recover the coordinate information and 
perform polynomial curve-fits through the fringes. 
This was done with each of the two fringe pattcrns- 

obtained before and after heating. From the two sets 
of curve-fit data, the corresponding locations of a 
particular fringe in each view were subtracted. From 

this, the distribution of the fringe order number E and 
thus the pa~h~ength data 4 were obtained. By defining 
a set of horizontal planes through the test region, the 

fringe order number (pathlength) distribution in each 

plane was computed using a linear interpolation of 
the data along the original fringes. 

The fringe data in the fluid region above the cylinder 
were analyzed using the digitizer. However. in planes 
containing the solid, the amount of noise present in 

the fringe data was so great (e.g. Fig. 3) that it could 
not be analyzed digi~dlIy but was done l~~an~dily. 

The grid ~nvcrsion algorithm described previously 
was used to reconstruct the temperature field in 
several horizontal planes from the experimentally 
obtained pathlength distribution. A more detailed 

description of the experimental set-up and procedure 
may be found in ref. [ 171. 

RESULTS 

A numerical solution w~as generated for this 
geometry using the generalized code described in refs. 
[I 6. 17j. The solution was obtained under conditions 
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FIN;. 3. Finite fringe patterns with the cylinder axis oriented 20 deg with respect to the light beam. ‘fhe 
llppcr interferogram is t&m with the cylinder unheated and the lower interferogram is recorded with the 

cylinder heated. 
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FIG. 4. Computational domain for a numerical solution for 
the short heated cylinder. 

that corresponded to the actual experiments. The 

computational domain for this problem is indicated 
in Fig. 4. It is bounded in the angular direction 

by vertical top and bottom symmetry planes, in the 
axial direction by a vertical symmetry plane passing 
through the center of the cylinder and a hypothetically 
positioned axial inflow boundary, and in the radial 

direction, by the centerline and a hypothetical inflow- 
outflow boundary. The magnitude of the heating 
along the centerline used in the experiments was 
y = 0.583 W mm ‘. Based on the properties of DBP 

under the conditions of the experiments (vis- 
cosity = 0.02082 kg mm ’ sm ‘, density = 1046 kg m I. 
thermal conductivity = 0.1466 W m ’ K ‘, specific 
heat = 1840 J kg- ’ Km ‘) this corresponded to a Ray- 
leigh number. Ra,, = 3.98 x 104. The Prandtl number 

of the fluid at a bulk temperature of 25 C is 
Pr = 261.3. This would imply a very thick hydro- 

dynamic boundary layer compared to the thermal 
boundary layer. Tests were performed to study the 
efI’ects of the grid spacing and the locations of the 
radial and axial outer boundaries on the solution. The 
grid that was found to be suitable for the problem was 
nonuniform having 17 points in the radial direction, 

I2 points in the angular direction and I7 nodes in the 
axial direction. The grid spacing was small in both of 
the radial and axial directions close to the cylinder to 
resolve the boundary layers and was made pro- 
gressively larger in the outer regions of the domain. 
The minimum grid spacing in the radial and axial 
directions was 0.04 cylinder diameters adjacent to the 
cylinder. The outer boundaries were located 17.85 
cylinder diameters away from the center in the radial 
direction and 15.45 cylinder diameters away in the 
axial direction, respectively. 

The numerical solution was used as the basis for 
testing the Grid reconstruction method for multiple 
mediums. Several horizontal reconstruction planes 
were located, some through the cylinder and the fluid 
surrounding it while some contained only the fluid 
above or below the cylinder. A uniform rectangular 
grid was established in each plane. By selecting rays 
along several directions and performing numerical 

integrations along them. pathlength data were gen- 

erated in each plane. This was used as input into the 
inversion algorithm from which the temperature field 

in each plane was reconstructed. An important point 

is that the temperature is continuous across a solid- 
fluid interface. but the temperature gradient is not, 
due to the differences in the thermal conductivity. 

Since the functional dependence of the index of refrac- 
tion on temperature is different within the solid and 
the fluid, a discontinuity in the refractive index exists 

at the solid-fluid interface. The inversion technique 
should, therefore, have thecapability of recovering the 

continuous temperature field from the discontinuous 
refractive index field. 

Some of the results of the reconstruction are pre- 

sented next. The grid used in these studies was a uni- 
IOrm 29 x 29 grid (841 points) in each horizontal 
plane. Over a 90 deg angle range, I6 equally spaced 

angles of view were chosen. For each angle of view, 

125-135 equally spaced pathlength measurements 
were generated by integrating the numerical solution. 
This procedure was carried out for a set of horizontal 

planes, equally spaced in the vertical direction, some 
of them passing through the solid and some of them 
in the fluid region above or below the solid. The 
amount of pathlength data used in each plane, there- 
fore. varied from 2000 (125 x 16) to 2160 (135 x 16). 

This provides a degree of redundancy of approxi- 
matcly 2.5. The amount of computational time 
required to perform a complete reconstruction of the 
temperature field in one plane using a 29 x 29 grid on 

a Cray-2 supercomputer was approximately 120 s. 
The majority of the computer time was spent in per- 
forming the matrix inversion, one for each plane. 

It is useful to look at a typical reconstruction plane 

in relation to the cylinder. Figure 5 shows one such 
plane with the z-axis oriented parallel to the axis of the 
cylinder and the ~a- and :-axes placed perpendicular 
to the cylinder axis. The dimensionless temperature 
(r = [T- T, ]k,,;q) distribution in a plane containing 
the center of the cylinder is portrayed in Fig. 6. The 
dotted curve represents the interface between the solid 
and the fluid. As expected, the highest temperature 

occurs along the axis of the cylinder where the heat 
source is located. The surface has an irregular appear- 
ance, and the temperature drops sharply in all direc- 
tions from the center of the cylinder. The rccon- 
struction should provide a temperature field that is 
symmetric about the origin which is the case in this 
figure. This serves as a good test of the reconstruction 
program. Since the thermal conductivity of the two 
mediums are not significantly different. the change in 

slope of the temperature field across the boundary 
is not evident. By calculating the differences between 
the reconstructed temperature field and the numer- 
ically computed temperature, the relative error 
([T,,, - T ,,“,,, ];‘I-, “,,,) distribution was obtained. The 
average relative error was found to be 3.05% with a 
standard deviation of 0.035 I. 

Figure 7 exhibits the temperature field in the plane 
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0.1 diameters beiow the centerline of the cylinder. 
Comparing with Fig. 6, the temperature distribution 
is smoothed along the centerline and the irregularities 
are significantly reduced. 

Considerable difficulties were encountered in 
analyzing the digitized data in cross-sectional planes 
passing through the solid. These problems were 
caused by the discontinuous interference fringes at the 
solid&iquid interface. This problem was alluded to 

earlier and is a consequence of several factors. Even 
though the bulk fluid was set to be at the correct 
matching temperature, the establishment of ;I tcn- 
perature field created a situation that rcsultcd in a 
mismatch of the refractive index in the majority of tht: 
solid&luid interface region. Even though the tcm- 

peraturc \vas not significantly difrcrcnt from the 
matching temperature. it was sufficient to cause 
a discontinuity in the fringe pattern. Temperature 
mismatch on the cylinder surface caused refraction 
errors that resulted in fringe discontinuities. More- 
over. there wcrc interference patterns produced be- 

cauxe of residual nonuniformities in the cylinder. 

Turning the cylinder in a lathe and drilling a hole 
along its axis were some operations that left residual 
stresses in the solid. This was minimized by annealing, 
but could not bc eliminated entirely. Interference 
fringes are created by the stress patterns that arc 

superimposed on those created by the temperature 
field. Another factor is that Plexiglas as a material is 
not entirely homogeneous. Plexiglas was chosen over 

glass because of its case in machining. howcvcr, it 
suffers from the fact that its properties arc somewhat 
dependent on the stock from which it is chosen. There- 
fort. the fringe data in planes containing the sohd 
could not be reduced digitally but were performed 
manually by following the fringes. 

The temperature distribution was obtained cxpcr- 
imentally in a plane 0. I cylinder diameters below the 
cylinder centerline. To achieve this, 55 pathlcngth 
measurements were used along each of the five dif- 
ferent angles of view---O. 20. 40. 60 and 80 deg with 
respect to the axis of the cylinder. With this infor- 

FIG. 6. Numerically reconstrucd dimensionless temperature (I-) distribution in a horuontal plant 
conlainrng the ccntcrline of the cylinder. Rr,,, = 3.9Xx IO”. Pr = Xl. il, = I .O. 
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FIG. 7. Numerically reconstructed dimensionless temperature distribution in a horizontal 
diameters below the centerline of the cylinder. 

plane 0. I cylinder 

mation, the largest reconstruction grid which gave 

meaningful results and yet had sufficient data redun- 
dancy was a 9 x 9 grid centered around the cylinder 
and having a grid spacing of 0.25 cylinder diameters. 
Figure 8 shows the temperature field together with a 
dotted lint that indicates the solid-liquid interface. 

Similar to the numerical reconstruction shown in Fig. 

7, it may be observed that the temperature in Fig. 8 
is highest along the cylinder centerline where the heat 

source is located. In spite of the jagged nature of 
the experimental result, the qualitative agreement 
between the experimentally reconstructed tempera- 
ture field and the numerical solution may be seen 
to be good and must be viewed in light of the fact 
that there were several sources of experimental errors 

which will be outlined later. 

Figure 9 shows the isotherms in the fluid in the 
horizontal plane 0.595 diameters above the centerline 

FIG. 8. Experimentally reconstructed dimensionless temperature distribution in a horizontal plane 0. I 
cylinder diameters below the centerline of the cylinder. 
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FIG. 9. Experimentally measured isotherms (non-dimensional temperature r’) in the Huid in a horizontal 
plane 0.595 cylinder diameters above the centerline of the cylinder. Rtr,, = 3.98 x IO’, Pv = 261, A, = I .(I. 

of the cylinder. Pathlcngth data were used along five determined temperature. The inability to identically 
angles of view-20. 30. 50. 60 and 70 deg with respect replicate the bulk fluid conditions before and after 
to the axis of the cylinder. There were. on the average. heating the cylinder caused a shift in the infinite field 
20 points per view. The outline of the cylinder as fringes and represented the largest source of unccr- 
viewed from this plane is shown in Fig. Y as well. An tainty. The uncertainty in locating the center of the 
intcrcsting observation is that the temperature field is cylinder in the digitized fringe pattern also contributed 
skewed to one side. The highest temperature in the to the uncertainty. Errors associated with the inver- 
cross-section is not directly above the center of the sion algorithm were detailed in an earlier section. 
cylinder. but is shifted towards the upper right-hand Another component of the uncertainty is the refrac- 
corner. From the fringe patterns. it was observed that tion error caused by bending the light beam ncal 
the plume is not symmetric about either the XX or the the cylinder where the rcfractivc index gradient is the 
1-Y axis of the cylinder. A portion of the heater wire largest. A combination of all thcsc sources of crrol 
(placed along the ccntcrlinc of the cylinder XX) gave an overall uncertainty in the temperature 
cxtondcd further out on one end of the cylinder than measurement of approximately 16% of the maximum 
the other. This caused asymmetric heating of the solid non-dimensional cylinder tempcraturc (r). (‘on- 
with the p1umc having a preferred direction towards sidcring this. the agreement bctwccn the numerical 

the side of the cylinder with higher heating. solutions and experimental data is indeed quite good. 
The cxpermientally rcconstructcd and the numcri- 

tally calculated temperature distributions wcrc com- 
pared along ;I line in the fluid above the cylinder. 
Figure 10 shows the temperature variation along a lint 
in the s-direction in the plane : = 0.6 at the location 
I’ = 0.120. The numerical solution is symmetric about 
the midplane whereas the skewed experimental tcm- 
perature distribution is evident. In spite of this, the 
agrecmcnt bctwccn the two is quite good. 

SUMMARY 

.4n error analysis of the data was made in an effort 
to determine the uncertainty in the experimentally 

An optical technique has been devised lix- the 
measurement of a 3-D tcmpcraturc field in a region 
containing both a solid and a fluid using an intcr- 
feromctric method. The geometry chosen for testing 
the technique was a horizontal cylinder (aspect ratio 
of unity) with a line heat source along its ccnterlinc 
placed in a fluid of matched index of refraction to 
which heat is transferred by laminar natural convec- 
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FIG. 10. Comparison between the experimentally and numerically obtained non-dimensional temperature 
distribution in the plume in the s-direction at r = 0.120 and r = 0.60. 

tion. This selection was made because of ease of fab- 
rication and it also served the purpose of providing 
a 3-D temperature distribution with thick boundary 
layers, Before taking experimental data, several math- 
ematical reconstruction algorithms were evaluated to 
determine their applicability. Selection criteria were 
mainly simplicity, versatility and ease of implemen- 

tation. Using the general code developed in ref. [16], 
a numerical solution was obtained for this problem. 
The temperature field in horizontal planes contain- 

ing the solid was integrated to generate simulated 
pathlength data and used for testing the inversion 
algorithm. The error in the reconstructed temperature 
field was obtained directly. The Grid method which 
had an average reconstruction error of 3% was chosen 
as the best reconstruction method for use here. 

Experiments were performed with a Plexiglas cyl- 
inder placed in a fluid (dibutylphthalate) having a 

matched index of refraction. Interferograms of the 
temperature field were recorded at ten different angu- 
lar orientations of the cylinder. The temperature field 
was reconstructed in horizontal planes above and also 
through the cylinder. The uncertainty in the tem- 
perature determination was estimated to be nearly 
16% of the difference between the highest temperature 
above the cylinder and the bulk fluid. The temperature 
fields in the fluid and the solid obtained from the 

experiments were compared with corresponding 
numerical results. They were found to be in excellent 
agreement and well within the limits of uncertainty in 

the experiments. 
Some of the difficulties fdced with the present inter- 

ferometer in obtaining the temperature field within 
the solid could have been eliminated if a holographic 
system was employed. A double exposure technique 
can be used in which the hologram is exposed initially 
before the temperature held is established, and then it 
is exposed again in the presence of the temperature 

field. This would optically subtract the noise, par- 
ticularly in the solid region. Also, if suitably arranged, 
data along various angles of view can be recorded 
simultaneously for the study of transient flows. 
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MESURE PAR INTERFEROMETRIE MULTIDIRECTIONNELLE DES CHAMPS 
TRIDJMENSIONNELS DE TEMPERATURE DANS DES PROBLEMES CONJIJGUES DE 

CONDUCTION--CONVECTION 

Rksum&Une ttude numirique et expbrimentale est conduite pour observer optiquement et reconstruire 
un champ tridimensionnel (3D) de tempkrature dans des problemes de transfert thermique coupli de 
conduction--convection. La distribution de tempkrature peut ctre obtenue dans le solide conducteur et le 
Auide adjacent qui convecte. Un algorithme de reconstruction donne le champ de temptrature 3D dans 
une region occupte par des milieux multiples (solides et/au fluides). La distribution 3D de temperature est 
reconstruite dans et autour d’un cylindre court et chaud pla& dans un fluide auquel la chaleur est transfirte 
par convection naturelle. La mesure expCrimentale du champ est faite par cnregistrement et rtduction des 
donnkes B partir d’interftrogrammes pris selon difftrents angles de l’&coulement. Des solutions numkriques 
pour cette gtomktrie sont obtenues qui donnent les champs de tempkrature lesquels se comparent favor- 

ablement aux valeurs obtenues exptrimentalement. 

MESSUNG DREIDJMENSIONALER TEMPERATURFELDER MIT HILFE DER 
MIJLTIDIMENSIONALEN INTERFEROMETRIE BE1 KONJUGIERTEN 

LEITUNGS!KONVEKTIONSPROBLEMEN 

Zusammenfassung-In der vorliegendcn numerischen und enperimentellcn Untersuchung wird das asyn- 
metrische dreidimensionale Temperaturfeld bei konjugierten Wsrmeleitungs:‘Konvektions-Problemcn 
optisch aufgezeichnet und rekonstruiert. Bei einer thermisch gekoppelten Anwendung mull die Tempera- 
turvertcilung innerhalb dcs warmeleitenden Festkiirpers und im umgebenden bcwcgtcn Fluid ermittclt 
wcrden. Hierzu wird tin Rekonstruktionsalgorithmus entwickelt. der das dreidimensionale Tempcralurfeld 
in einem Gebict berechnet. das durch mehrere Mcdien (Festkiirper und:oder Fluidc) bcsetzt ist. Die 
dreidimensionale Temperaturverteilung wird in und urn einen kurzen beheizten Zylinder in einem Fluid 
bcstimmt. dem Wiirme durch natiirliche Konvektion Tugefiihrt wird. Eine Reihe von Interferogrammen 
werden unter verschiedencn Winkeln zur Stromung aufgenommen. Urn Interferenzwcrte fiir die Kom- 
hination aus Festkiirper und Fluid zu erhalten, wird die Brechzahl des Zylinders derjenigen des Fluides 
angepaRt. Die fiir diese geometrische Anordnung numerisch ermittelten Temperaturfelder stimmen gut mi( 

den experimentellen Wertcn iiberein. 
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M3MEPEHHE TPEXMEPHbIX TEMl-IEPATYPHbIX I-IOJ-IER B CBII3AHHbIX 3AAAWX 
TEIIJIO~POBO~HOCTWKOHBEKqUkf C RCIIOJIb30BAHBEM 

MHOI-OHAIIPABJIEHHOti BHTEPQEPOMETPBB 

AmoTaun*rIpoBomTcn wcnemibIe w 3KcnepuMerimmdible wcnenoBamK c qenbw 0nTHvecKoii 

perHCTpaUuu w BoCmammems acHhmeTpwiHor0 TpexhiepHoro TeMnepaTypHoro nom B cBs3aHHblx 

3aflaSax KoHayKmBHo-Ko~Be~~HBHOrO TeIInOO6MeHa.&In peurewin Tennosoii 3anaw TehfnepaTypHoe 
pacnpenenemienonxao onpenennlbcn a TsepnoMTeneH B npaneraloluefirnenrocra,~ ~o~opofi npoec- 

XO~AT KomeKwi*. Paspa6oTaH anropem BocmaHoBneHHn, no3Bonmouwii onpenemub TpexMepHoe 

TeMnepaTypHoe none B o6namH,saHHMaeMofi pa3nurHbrMu cpenaMu(rBepme Tena u/nna XHAKOCTB). 

TpexMepHoe pacnpeneneHse TeMnepaTyp BoCCTaHaBmiBaeTcK BHYTPH H BoKpyr KopoTKoro Harpe-roro 

mimiH~pa,rIoh4e~eHHoro B xc~n~ocxb,~ ~o~opy10 Tenno nepeHocHTcn ecTeCrBeHHoii KoHBeKmiefi.3~~- 

IIepHMeHTaJIbHOe Z+3MCpCHHC IIOJIP IIpOBOASiTCK ItOdpC,lCTBOM ~I’HCTpaLViH B npeo6pa3osaHsn &lHHbIX 

113 pKAa EiHTCp@ZpOrpaMM, CHWMaCMbIX llOn pa3HbIMW yrnaMH K IIOTOKY. nOnyYeHb1 YHCneHHbIe 

peuIeHHn nns paccnraTpuaaeh4oti reoMeTprrH, Ha 0cHoBe KoTopbIx 0npeneneHbI TeMnepaTypHbIe nom, 


